The response of adhesive joints to three fatigue regimes, namely; constant amplitude sinusoidal loading (standard fatigue, SF), cyclic in-plane impacts (impact fatigue, IF) and a combination of the two (CSIF), has been investigated. The samples used in this study were carbon fibre reinforced polymer (CFRP) lap-strap joints (LSJs) bonded with a rubber modified epoxy adhesive. It was observed that fatigue fracture at very low load amplitudes occurred in IF. Two main patterns of failure were observed in SF; cohesive failure in the adhesive, which was linked to slow fatigue crack growth behaviour, and a mixed-mode failure, involving failure in both the adhesive and the CFRP. In addition, it was observed that the transition from cohesive to mixed mode failure was accompanied by crack growth acceleration. In IF it was seen that all failure was of a mixed-mechanism nature. In the combined standard and impact fatigue it was seen that the introduction of a relatively small number of impacts between SF blocks drastically changed the dynamics of fatigue crack propagation, increasing the crack rate. A further observation was that cavitation of rubber particles in the adhesive, which is seen as evidence of active toughening, was affected by the addition of impact loading.
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Introduction
In recent decades, the aerospace and automotive industries have been characterized by a continuing increase in the use of carbon fibre-reinforced polymer (CFRP) in structural applications. These developments have necessitated a thorough analysis of fatigue in CFRPs. Records of time-load histories of various components and structures have shown that they are exposed to a variety of cyclic loads that vary through the structure. In some cases, repeated low-energy impacts appear in the load spectrum. This phenomenon is known as "impact-fatigue" and it has been shown that this type of loading can be far more damaging than SF [1] .
Analysis of impact-fatigue in CFRPs has been principally aimed at characterising the reduction in fatigue life as the load is increased. It was found in a cyclic charpy test of jute/vinyl-ester composite that there was an increase in the fatigue endurance as the impact energy decreased [2] . Some researchers [3, 4] have also identified a threshold energy of impacts, below which no visible delamination is observed; and concluded it was in [5] that the response to impact loading depends on the orientation of fibres in CFRP.
The fatigue life of CFRP laminates was investigated in [6] where sinusoidal inplane loads were combined with a single out-of-plane impact. It was found that the fatigue strength of the CFRP was affected by the sequence, with the effect being more pronounced in the case when the sinusoidal load followed the impact than in the converse sequence. Similar experiments have been performed with a glass fibrereinforced composite [7] , where it was found that a simple out-of-plane impact had a significant effect on the fatigue life and that this behaviour was strongly related to the post-impact residual strength.
Various techniques have been considered to produce joints between CFRP parts; the most popular being mechanical fasteners (nuts, screws, rivets, etc.) and adhesive joints. The comparative advantages of these two techniques have been analysed in [8] .
It is commonly accepted that adhesive joints are characterized by their low weight and a potential reduction in stress concentrations in comparison to mechanical fasteners.
However, adhesive joints can be seriously affected by environmental ageing [9] .
Structural adhesives can be considered as nano-composites [10] as they are typically multi-components materials. Structural adhesives commonly use epoxy resins as a matrix with rubber particles and/or inorganic fillers [11] to generate a toughening mechanism. Extensive research has been undertaken to study the effect of these inclusions on the epoxy matrix. This effect can be summarized in terms of three mechanisms [12] . The first is the cavitation of rubber particles. This mechanism is characterized by the presence of holes in the fracture surface of the adhesive. A second mechanism is the formation of shear bands. This can occur in areas with a high number of rubber particles, increasing the possibility of the onset of plasticity. A third mechanism is rubber bridging in which the rubber particles bridge a gap in the fractured surfaces, thus impeding crack propagation. These mechanisms are dependent on the volume fraction and size of rubber particles [10] .
The current state of research into in-plane cyclic impacts of adhesive joints with CFRP composites used as adherends is characterised by a lack of experimental studies of the many facets of this phenomenon. The main aim of this paper is to investigate the behaviour of bonded CFRP lap-strap joints subjected to three loading regimes: standard fatigue, impact fatigue and a combination of impact and standard fatigue.
Experimental setup

Sample preparation
Samples for the experimental studies were manufactured by adhesive bonding cured panels of CFRP. The composite used was T800/5245C, supplied by Cytec Ltd. The matrix, Rigidite 5245C, is a modified bismaleimide/epoxy system and is reinforced with T800 fibres supplied by Toray Industries Ltd. The composite panels were laid-up from unidirectional (UD) pre-preg with a volume fraction of 0.6 and thickness of 0.125 mm. A multidirectional (MD) lay-up scheme of [(0/-45/+45/0) 2 ] S was used and the panels were cured for 2 hours at 182ºC with an initial autoclave pressure of approximately 600 kN/m 2 . The cured panels were ultrasonically scanned to detect defects. The material properties for the tested MD panels are given in Table 1 , as calculated from the UD properties using laminate theory [13] . The adhesive used was Hysol Dexter's EA-9628, which was supplied as a 0.2 mm thick film. This adhesive is based on a diglycidyl ether of bisphenol A with a primary amine curing agent. A reactive liquid polymer, based on carboxyl terminated butadiene acrylonitrile rubber, was used as a toughening agent. The material properties for EA-9628 are given in Table 2 .
The lap-strap joints (LSJ) (see Fig. 1 for dimensions) were assembled using precured CFRP laminate panels and sheets of EA-9628 adhesive. The adhesive was cured in an autoclave for 60 min at 120ºC. The final samples were obtained by cutting the bonded panels using a diamond saw. End tabs for the specimens were made of 7075-T6 aluminium alloy and bonded with FM-73 adhesive. Holes were drilled in the specimens used for the IF and CISF tests using three drills with different diameters to minimise the possibility of delamination in the composite. Table 1 Mechanical properties of T800/5245C composite at room temperature 
Quasi-Static and Standard Fatigue tests
A servo-hydraulic fatigue testing machine, using digital control and data logging, was used in the quasi-static, SF and CISF tests. The quasi-static failure load was calculated as the average of the maximum force reached by two specimens tested at a displacement rate of 0.05 mm/s. SF was investigated by testing two specimens in force control with a sinusoidal waveform, load ratio (minimum to maximum load) of R= 0.1 and frequency of 5 Hz. The maximum load was selected as 60% of the quasistatic failure load. Tests were performed in ambient laboratory conditions.
Thermocouples were placed at various points on the surfaces of the samples in order to investigate any thermo-elastic effects during testing, however, no change in temperature was observed.
Impact-Fatigue Tests
IF tests were carried out on 7 specimens using a modified CEAST RESIL impactor, as described in detail in [1] . In these experiments a specimen is fixed at one end to an instrumented vice and a special impact block is attached to its free end ( 
Combined Impact and Standard Fatigue (CISF)
The CISF test is an intermittent sequence; consisting of two types of loading blocks.
The first block consists of 100 tensile-impacts, as described in section 2.3. The second block consists of 5000 sinusoidal cycles, similar to those described in section 2.2.
Two specimens were tested in this manner.
Fatigue crack growth
The process of fatigue crack growth in SF was examined by means of in-situ crack measurements. A system of marks was produced with a Vernier calliper on the white painted surface of the specimens' edge as a reference for all specimens. The crack size was then measured using portable optical microscopy for both edges in all specimens. Measurements of crack lengths in the IF tests were carried out using optical microscopy; with computer controlled halting of the test after a prescribed number of impacts so that the specimen could be studied. Captured digital images were used to measure the crack size.
Fractography
After testing, fracture surfaces were examined with an optical microscope. Highmagnification studies were also performed using a scanning electron microscope (SEM). Samples were gold coated prior to SEM examination and a voltage range of 15-25 kV was used.
Results and discussion
Standard fatigue
Analysis of the fracture surfaces in SF has shown the presence of two main macromechanisms of failure. The first SF specimen (SF1) exhibited predominantly cohesive failure in the adhesive layer (from herein simply termed 'cohesive failure') over the entire fracture surface. SEM of the strap fracture surface (Fig. 3) shows a typical fracture surface. The fracture surface exhibited ductile tearing, voiding and cavitation of rubber particles [10, 12] . The 'wavy' fracture surface indicates a mixed-mode fracture process. A more complex mechanism of failure was seen in the second standard fatigue specimen (SF2), similar to that described in previous studies [14] . Three different regions were identified in the fracture surface, as seen in 
Impact Fatigue
Initial optical examination of specimens tested under IF conditions showed patterns of failure similar to those observed in SF2, as seen in Fig. 7 . the first region shows cohesive failure in the adhesive, followed by a transition region with a mixture of adhesive and CFRP fracture; and finally, a third region where the crack grows in the 0º composite ply adjacent to the adhesive. 
Fig. 9 Crack growth rate in impact fatigue
As noted above, it was seen in the IF specimens that the fracture behaviour involved three regions. These regions can be described as; predominantly cohesive failure (region A), a mix of cohesive failure and composite matrix failure (region B) and failure predominantly in the CFRP ply adjacent to the adhesive (region C).
However a deviation from the general behaviour was seen in specimen IF2 where the failure in region C combined delamination between 0º and 45º plies at the specimen edges and failure in the 0º layer adjacent to the adhesive in the middle of the sample.
The may explain the acceleration in FCG for IF2 in region C shown in Fig. 9 . SEM analysis of region A for sample IF7 revealed that this failure is characterized by a lack of cavitating rubber particles, as shown in Fig. 10 . Previous work [16] has found that in unstable fracture regions (i.e. fast FCG) rubber particles can remain intact, resulting in an indistinct difference between the epoxy matrix and the rubber. It was shown in [17] that under certain load conditions the cavitation process can be suppressed; no differences in the fracture toughness between modified and unmodified epoxy were found in that case. This behaviour was explained as a consequence of the decrease of the shear banding effect due to insufficient levels of plastic deformation caused by the rubber particles. Analysis of region B in IF7 shows that this region exhibits non-homogenous fracture behaviour, as illustrated in Fig. 11 -a. This is characterised by the presence of "islands", i.e. changes in the fracture path, when a crack suddenly changes from cohesive failure to damage in the composite and later returns to cohesive failure of the adhesive. This behaviour can be explained by the nucleation of micro cracks in front of the main crack front, generating a local pattern of failure that in time becomes merged with the main crack. Previous studies [14] based on X-ray radiography for a similar type of specimens, have shown small regions of secondary debonding ahead of the main crack that can cause this behaviour. In region C damage occurs predominantly in the composite-matrix ply adjacent at the adhesive. Fracture in the matrix demonstrates a brittle character, with none of the rollers found in SF. explained by a change of the FCG mechanisms. Fig. 12 -a shows a fracture surface in region A of IF5 and although voiding is seen, there are no signs of rubber cavitation.
The fracture surface in region B showed signs of multiple damage initiation and termination sites. In some areas there are imprints of fibres on the fracture surface indicating that damage is close to or in the composite but then returns to the adhesive layer ( Fig. 12-b 
Combined impact and standard fatigue
In the case of combined impact and standard fatigue (CISF), studies of the crack growth and fracture surfaces revealed two main mechanisms of failure, which are rate in the IF bocks tended to be higher than that in the SF blocks, even though the peak loads were considerably lower in the former.
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Conclusions
Fatigue in adhesively bonded CRFP LSJs was studied in this paper. It can be concluded from these tests that cyclic in-plane tensile impacts are far more damaging than standard non-impact fatigue. It is found that significant fatigue damage is present in IF conditions at relatively low fractions of the quasi-static strength compared with SF.
Two typical patterns of failure were seen; a cohesive failure in the adhesive, that is related to slow fatigue crack growth, and a mixed-mechanism failure that is associated with fast fatigue crack growth. It was also seen that a change in the pattern of failure from cohesive to the mixed-mechanism path acted an accelerator of the crack growth in specimens tested in SF. In IF a mixed-mechanism path was seen in all samples tested. Differences between IF and SF were also seen with regard to the crack Crack propagation Crack propagation speed. It was found that in the initial stages of the crack propagation, the crack rate is 10 times higher in IF than in SF.
It was found that the introduction of a relatively small number of in-plane impacts between blocks of SF drastically changes the dynamics of fracture in the specimen, with the IF blocks having a damage accelerating effect.
It was also observed that the toughening mechanism of the rubber particles present in the adhesive was affected by cyclic in-plane impacting. The rapid crack growth in the adhesive associated with impact fatigue was characterised by a lack of rubber particle cavitation.
